Cachexia has been recognized for a long time as an adverse effect of cancer. It is associated with reduced physical function, reduced tolerance to anticancer therapy, and reduced survival. This wasting syndrome is mainly known for an ongoing loss of skeletal muscle leading to progressive functional impairment and is driven by a variable combination of reduced food intake and abnormal metabolism. Cytokines derived from host immune system or the tumor itself is believed to play a role in promoting cancer cachexia. Circulating levels of cytokines, including IL-1α, IL-6, and TNFα have been identified in cancer patients but they probably only represent a small part of a changed and abnormal metabolism. Murine models have shown that browning of white adipose tissue (WAT) takes place early in the progression of cancer cachexia. Thus, browning of white adipose tissue is believed to be a strong contributor to the increased energy expenditure common in cachectic patients. Despite the severe implications of cancer cachexia for the patients and extensive research efforts, a more coherent and mechanistic explanation of the syndrome is lacking, and for many clinicians, cancer cachexia is still a vague concept. From a lung cancer perspective this commentary reviews the current knowledge on cancer cachexia mechanisms and identifies specific ways of clinical management regarding food intake, systemic inflammation, and muscular dysfunction. Much of what we know comes from preclinical studies. More translational research is needed for a future cancer cachexia screening tool to guide clinicians, and here possible variables for a cancer cachexia screening tool are considered.
Introduction
Involuntary weight loss is abnormal in assumed healthy individuals, and should make everyone alert, as it may be a symptom of cancer. Yet, this involuntary weight loss may reach significant magnitude before action is taken and the proper diagnosis is found. Once a person is diagnosed with cancer, body weight should routinely be monitored throughout the treatment trajectory. The incidence of weight loss at the time of diagnosis and through the disease trajectory varies greatly according to the tumor type. 1 A study of Dewys and colleagues from 1980 reported the frequency of weight loss in patients with newly diagnosed non-small cell lung cancer (NSCLC) to be 61%. A more recent study from 2004 reported the same incidence of weight loss for lung cancer patients on diagnosis. Both studies demonstrated convincingly that weight loss was an independent negative prognostic factor for survival of patients with NSCLC, SCLC, and mesothelioma. 2 For many clinicians, weight loss is intertwined with cancer cachexia. An observed weight loss or clear loss of muscle mass can be the visible part of cachexia in many patients ( Figure 1 ). However, as this review will discuss, large and as yet poorly understood metabolic alterations may underlie this syndrome and precede a later weight loss. Cachexia has been recognized for a long time as an adverse effect of 781743I CTXXX10.1177/1534735418781743Integrative Cancer TherapiesSørensen research-article20182018 1 Centre of Inflammation and Metabolism, Copenhagen, Denmark cancer, and is associated with reduced physical function, reduced tolerance to anticancer therapy, 3, 4 and reduced survival. 5, 6 It is described as a multifactorial syndrome defined by an ongoing loss of skeletal muscle mass (with or without loss of fat mass) that cannot be fully reversed by conventional nutritional support and leads to progressive functional impairment. Its pathophysiology is characterized by a negative protein and energy balance driven by a variable combination of reduced food intake and abnormal metabolism. 7 Patients who have more than 5% loss of stable body weight over the past 6 months, or a body mass index (BMI) less than 20 kg/m 2 and ongoing weight loss of more than 2%, or sarcopenia and ongoing weight loss of more than 2%, but have not entered the refractory stage, are classified as having cachexia.
This consensus definition of cancer cachexia has been adapted by the scientific community, but despite this a more coherent and mechanistic explanation is lacking, which for many clinicians means that there is still no good understanding of the syndrome. To this end, there is a need for predictive factors, as well as a validated and accepted screening tool that can guide clinicians in the decision making regarding palliative chemotherapy and supportive care initiatives.
In the following, current knowledge on cancer cachexia mechanisms and clinical management of the syndrome will be reviewed. The underlying mechanisms leading to the clinical syndrome known as cachexia are not yet fully understood, but here 4 areas are highlighted where mechanistic evidence is accumulating. These include food intake and neuronal input, systemic inflammation, muscular effects, and browning of white adipose tissue.
Mechanisms of Cancer Cachexia

Food Intake and Neuronal Input
Generally, body weight and metabolism are controlled in the brain. Here, afferent signals from several organs, including the gastrointestinal tract and the adipose tissues, are integrated and distributed to other parts of the central nervous system. Two specific populations of neurons in the hypothalamus are generally responsible for the integration, the orexigenic pathway (promoting food intake and reducing energy loss) and the anorexigenic pathway (inhibiting food intake and increasing the use of energy). 8 Though anorexia is a common symptom in advanced cancer and the clinical implications of disturbed appetite regulation are clear, the underlying mechanisms of appetite regulation in advanced stage cancer are to be revealed. One possible hypothesis is that pro-inflammatory signaling from peripheral tissues, including the tumor, increases the activity of pro-opiomelacortin neurons in the hypothalamus resulting in anorexia and reduced food intake. 9 The neuronal input may be responsible for what is considered to be the primary part of cancer cachexia. This primary part is characterized by abnormal metabolism due to intrinsic neuronal and inflammatory inputs.
Cancer cachexia may also have a second part. Here, complicating symptoms arising from the cancer itself or the treatment given may worsen the condition further. These are called secondary nutrition impact symptoms and can be, for example, pain, dysphagia, or nausea. These symptoms can result in reduced food intake and only exacerbates the weight loss in addition to the changed metabolism. It is assumed that the combination of these metabolic and dietary factors results in the syndrome recognized clinically as cancer cachexia. 10 Despite the major impact on food intake in the primary and secondary part of the syndrome, treating cachexia through nutritional intervention alone does not reverse cancer cachexia, indicating that a decreased food intake is not the primary cause of the disease.
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Systemic Inflammation
It is widely accepted that systemic inflammation is a unifying hallmark of the cluster of behaviors associated with injury, infection, and cancer; and that chronic systemic inflammation can drive adipose tissue lipolysis and muscle proteolysis. 12 In cancer, inflammation has been described as a double-edged sword. The natural role of the immune system is to fight off infection and transformed cells, thereby not only controlling infections but also controlling tumor growth. However, cancer cells may also hijack the immune system to produce specific cytokines promoting tumor growth, survival, and progression. 13 Thus, a prompt proinflammatory response is essential to clear infections and nascent tumors, yet equally essential is the ability to resolve the inflammatory response through a later anti-inflammatory phase of the response. The understanding of the balance between the inflammatory mediators in cancer cachexia is emerging. 14 Tumor necrosis factor α (TNFα), also named cachectin, is probably the most characterized cytokine in cachexia. It has been demonstrated to promote anorexia and skeletal muscle wasting, mainly through the nuclear factor-κB (NF-κB) pathway. The base of evidence is founded on both comprehensive human integrative physiology studies, as well as animal and in vitro studies. Moreover, systemic TNFα levels have been demonstrated to be upregulated in cachexic cancer patients, but direct proof of its mediating role in driving cachexia in cancer patients is still lacking. To this end, using neutralizing antibodies against TNFα showed no benefit in a trial in non-small cell lung cancer patients, suggesting that targeting TNFα alone is not sufficient to prevent cachexia. 15, 16 This may suggest that tumors or host tissue secrete more than one cachectic factor, and that targeting one of these factors will not be sufficient to prevent the syndrome.
The additional inflammatory cytokines may include interleukin (IL)-1α and IL-6. Like TNFα, IL-1α is also known to promote anorexia, probably through similar modes of action. Yet using an IL-1 receptor antagonist was not sufficient to impair cachexia progression, as demonstrated in a rat model. 17 In parallel, numerous studies have investigated the correlation between IL-6 and cachexia development. 18, 19 In a murine model, where intestinal polyps were induced and muscle mass, lipid tissue, and circulating levels of IL-6 were measured, it was demonstrated that high levels of systemic IL-6 were related to tumor growth and loss of muscle mass, and thereby essential in the development of cachexia. 20 In one study of patients with advanced-stage cancer at different sites, circulating levels of these cytokines (IL-1α, IL-6, and TNFα) were found to be increased. Together with the findings in the aforementioned murine studies, this could support the assumption of a robust system of cytokines collectively promoting cachexia. 21 In addition, circulating IL-6 levels in prostate cancer patients have been shown to correlate with cachexia development and poor prognosis. 22 Altogether these cytokines most likely all play a role, but in promoting cachexia they are probably only branches in a greater network.
To this end, host genotype and immune response may influence the heterogeneity seen in the presentation of cachexia. Even with the same tumor type and burden, one individual may become cachectic, whereas another will not.
Muscular Effects
The major clinical symptom of cachexia is muscle wasting. To maintain muscle homeostasis, a tight balance between protein synthesis and degradation is required. Thus, a decrease in synthesis or an excessive degradation will result in muscle wasting. During tumor progression the network of anabolic and catabolic factors that normally regulate this tight balance is believed to be severely disrupted. 23, 24 At the cellular level, three main pathways have been described in skeletal muscle to account for protein degradation. These are 1. Ubiquitin-mediated proteasome degradation (UPR); part of a comprehensive system regulating cellular processes and homeostasis within the muscles being upregulated by skeletal muscles during cachexia. 2. Autophagy; believed to be a main promotor of skeletal muscle proteolysis and to be upregulated in cancer cachexia, where increased levels of autophagy mediator BCL-interacting protein 3 (BNIP3) messenger RNA were found in a small cohort of lung cancer patients. 25 3. Calcium-activated protease calpains; a family of Ca
2+
-dependent cysteine proteases, proposed to initiate a degradative process during cachexia, although knowledge on these is still limited. 26 That induction of the aforementioned pathways eventually leads to cachexia has been reported using muscle biopsies from newly diagnosed gastric cancer patients. 27 The mRNA levels of markers associated with weight loss correlated with tumor stage but not with pre-illness weight loss, indicating that tumor burden directly initiates early phases of muscle degradation, which is present before muscle wasting is detectable.
In a rat model of cachexia, induced by the Yoshida ascites hepatoma, UPR upregulation was evident following tumor growth, as seen by Atrogin-1 mRNA expression and increased protein ubiquitination. 16 Despite the large body of evidence supporting UPR as a major driver of muscle atrophy in murine models, limited evidence is present for this mechanism in human cancer cachexia.
The previously discussed cytokines (eg, TNFα and IL-1) play a central role in muscle catabolism, as these cytokines can elicit each of the protein degradation pathways. Downstream of these pathways, another important factor affecting skeletal muscle has been identified, the TNFα receptor adapter protein (TRAF6). TRAF6 is upregulated during atrophy and has been found to be overexpressed in muscles from cachectic gastric cancer patients in a recent study, where high TNM-stage and weight loss of more than 10% were associated with significant elevated TRAF6 levels. 28 Moreover, inhibition of TRAF6 has been shown to prevent skeletal muscle wasting induced by cachexia in experimental models in mice. 29 At the same time, pathways involved in the anabolic response are also affected. Decrease in the circulating levels of the anabolic factor insulin-like growth factor-1 (IGF-1) and the development of insulin resistance has been reported in rats bearing the AH-130 hepatoma. 30 Another study, however, questioned whether muscle wasting in tumorbearing animals was directly associated with downregulation of the IGF-1 signaling pathway. The study demonstrated that IGF-1 overexpression in healthy mice resulted in increased muscle fibers and muscle size, but muscle mass was not modified in mice with tumor-driven cachexia. 31 These interesting findings are still to be confirmed by studies that do more than investigate the molecular mechanisms characterizing the early cancer-associated myopathy, before treatment is initiated. It is important to explore the entire wasting cascade during anticancer treatment directed at the underlying cancer-which is believed to be the driver of the myopathy and cachectic trajectory-and investigate the extent to which the treatment disrupts the works of the inflammatory pathways and the wasting process.
Fat Browning in Cancer Cachexia
An interesting feature of cancer cachexia is a progressive switch of fat tissue type, from white (white adipose tissue, WAT) to brown (WAT browning [BAT]), which derives its name from the darker color associated with the enrichment of mitochondria. This browning of white adipose tissue is believed to be driven by the cancer itself. The mitochondria characterizing the brown adipose tissue express high levels of the uncoupling protein-1 (UCP-1), which directly promotes thermogenesis by uncoupling the electrochemical gradient during ATP generation. WAT and BAT usually perform opposite physiological functions, with WAT being responsible for energy accumulation in intracellular lipid droplets, and BAT being responsible for energy dissipation through heat production. 32 Pro-inflammatory factors are either derived from the host immune system or the tumor contributing to this switch within WAT. 33 Browning is believed to be a strong contributor to the increased energy expenditure common in cachectic patients. 34 Murine models with genetically engineered mice (GEMMs) with, for example, Kras lung cancer display a loss of more than 15% of total body weight compared with control mice. 35 These mice show massive loss of gonadal WAT mass and evidence of WAT browning. Similar results have been shown in mice injected with Lewis lung carcinoma. Other murine models have shown that WAT browning takes place early in the progression of cachexia, preceding loss of body weight and muscle atrophy. Therefore, WAT browning is suggested to be active also in the precachectic state. 34 A small study of cachectic cancer patients, including lung cancer patients, found increased UCP-1 staining in the adipose tissue. This indicates that adipocyte atrophy may be associated with thermogenic activity in human cancer cachexia (see figure 7 in Petruzzelli et al 34 ). The sparse knowledge in the field of fat browning and cancer stresses the need for more translational studies to investigate the role of fat browning in human cancer cachexia.
Clinical Management of Cancer Cachexia
It is clear that cancer cachexia is not a single organ or a single fault disease, but rather a multidimensional syndrome with interdependent components. 10 With that in mind search for a single fixer-drug for the syndrome does not make any sense. Although there is no coherent explanation of the syndrome, no effective drugs targeting crucial parts of the pathophysiology, and no good screening tool, cancer cachexia should always be considered in patients with advanced cancer. Even where there is no measurable weight loss an altered metabolism and a still subclinical muscle wasting may already be in progression. In the following, a valuable multimodal approach to the syndrome is illustrated (Figure 2. ).
Targeting the Tumor
The tumor is considered to be the main driver of the syndrome, thus, the most effective treatment for cancer cachexia is a curative treatment of the cancer itself, for example, radical operation with possible adjuvant systemic treatment. The patient may for a short time suffer from pain and inactivity after surgery, suffer from the side effects of the antineoplastic treatment, possible steroid treatment, nausea, and reduced food intake, and so on, but is expected to recover and regain strength and weight, including lost muscle mass. However, this scenario is rare in lung cancer patients, and often the reality is an incurable disease where life-prolonging and palliative treatment is offered.
Targeting the tumor requires calculating the dose of chemotherapy, and the use of body surface from weight and height has been standard procedure for centuries. However, there is a growing recognition of the condition known as sarcopenic obesity. At the time of cancer diagnosis, overweight and obese patients may have substantial ongoing muscle depletion (sarcopenia being defined as muscle mass of > 2 SD below that of healthy adults). 36 Patients with low muscle mass show increased prevalence of toxic adverse effects to treatment, and low muscle mass is an independent risk factor for decreased survival. 37, 38 When targeting with chemotherapy, toxicity of treatment can be of sufficient severity that it requires dose reductions, treatment delays or termination of treatment, potentially resulting in weightlosing patients not achieving the full potential benefit of their cancer therapy. 2, 4 Although cachexia is associated with increased toxicity to anticancer treatment and associated with reduced survival, it would be wrong to conclude that cachectic patients only have a poorer outcome because they are treated less intensively with anticancer drugs. Many components of this syndrome probably contribute to the poorer outcome. One of these could be atrophy of respiratory muscles 39 also found in patients with chronic obstructive pulmonary disease and only aggravating an already impaired lung function.
Nevertheless, having the increased prevalence of toxic adverse effect in patients with low muscle mass in mind, it could be clinically sound in some cases to consider a smaller dose reduction earlier in fragile patients to avoid treatment delay or termination due to toxicity. This does not necessarily require a special "sarcopenia scan" but clinical judgment of low muscle mass.
Targeting All Secondary Nutritional Impact Symptoms (Secondary Cachexia)
All symptoms that have a negative impact on food intake and well-being should be sought and treated adequately up front. This to ensure optimal conditions for the patient who is about to start systemic treatment with known substantial side effects. Good supportive care must be a cornerstone in all oncological units, because it is a matter of course that good supportive care up front and through the whole treatment trajectory increases the likelihood of high quality of life and reduces the risk of early termination of the lifeprolonging treatment.
A crucial part of handling secondary nutritional impact symptoms is securing nutritional support, for example, by relieving nausea or pain. This ensures that intake of needed energy and substrates are normalized. Sufficient intake is sometimes reached by giving high energy and protein supplement in addition to normal food. However, in late-stage cachexia one must always consider whether the patient is in an irreversible catabolic state where rigorous nutritional therapy is futile. 40 Addressing the often-accompanying loss of appetite, only corticosteroids and progestins have shown effectiveness. There is no documented positive effect on muscle mass, the effect of corticosteroids on appetite is shortlasting, and both corticosteroids and progestin have known additional unwanted effects. Cannabinoids have shown increased appetite in patients with AIDS, but not in those with cancer, 41 but the use of cannabinoids may be an option in selected cachectic patients experiencing chronic nausea, with attention to known cognitive side effects.
In general, securing good supportive care demands a dedicated interdisciplinary teamwork throughout the treatment trajectory for each patient. This is to ensure not only the needed nutritional support but also, for example, good antiemetic treatment and adequate pain relief. 
Targeting Systemic Inflammation
As described, inflammatory mediators are believed to play a central role in the development of cancer cachexia. Several anti-inflammatory drugs and nutrients have been tested in clinical trials-as single treatment or in a multimodal approach. A systematic review examining nonsteroidal antiinflammatory drug (NSAID) treatment in cancer cachexia was conducted in 2012. 42 It concluded that NSAIDs might improve weight in cancer patients with cachexia and found some evidence for the effect on physical performance, selfreported quality of life, and inflammatory parameters. But evidence was not considered strong enough to recommend NSAIDs for cachexia outside clinical trials, and the 2016 guidelines from the European Society for Clinical Nutrition and Metabolism (ESPEN) found clinical data insufficiently consistent to recommend NSAID drugs to improve body weight in weight-losing cancer patients. 40 The use of n-3 fatty acids with potential anti-inflammatory effect has been investigated. The level of evidence to recommend n-3 fatty acids with the intention of treating cachexia outside clinical trials was considered insufficient in a systematic review from 2012. 43 The mentioned 2016 ESPEN guidelines on nutrition in cancer patients came with a weak recommendation for using n-3 fatty acids to improve appetite and body weight in patients with advanced cancer undergoing chemotherapy and at risk of weight loss or malnourished. This weak recommendation was due to the inconsistencies in the reported effects, but with several positive trials have been published during the last few years reporting nutritional benefits, a plausible biological rationale, only mild side effects and no convincingly serious safety issues. One positive study from 2011 demonstrated how patients undergoing chemotherapy for lung cancer maintained weight and muscle mass when given 2.2 g of fish oil per day compared with standard of care/no intervention. 44 In conclusion, it seems safe and reasonable to advise patients to eat fat fish or take n-3 fatty acids in capsules.
Targeting Muscle Dysfunction
Currently, there are no approved drugs to target muscle dysfunction. Yet muscle function is highly dependent on its use, and physical training may be the single most efficient intervention in targeting muscle build-up. In cancer patients, there is evidence that physical exercise can reduce fatigue, improve quality of life and relieve adverse side effects during and after treatment. 45 Physical exercise is considered well tolerated, feasible and safe during and following cancer treatment. 46 This also goes for patients with advanced stage lung cancer undergoing chemotherapy, where both aerobic cardiovascular training and strength training were combined. 47 Relative physical inactivity compared to the period before diagnosis is believed to be one of the causes of muscle dysfunction in cancer patients. Physical exercise may be of particular importance for cancer patients with advanced disease in a precachectic or cachectic stage because of its potential positive effects on muscle mass and strength. 48 There are even recent studies showing an anticancer effect of exercise in tumor-bearing mice. 49 Thus, based on current knowledge, it is considered clinically sound to advise most cancer patients to perform physical exercise. Future clinical studies will likely consider physical training to be an obvious part of standard care.
The ghrelin antagonist anamorelin has shown statistically significant effect on lean body mass (LBM; as an indicator for muscle mass), but the drug is not available. The difference in LBM between active treatment and control group was not convincing, and most important, no positive effect in muscle function measured by hand grip strength was demonstrated and no proven effect on quality of life. 50 Levels of C-reactive protein (CRP) and albumin have been considered possible prognostic factors of cachexia development, but so far, nothing supports mandatory measurement. In a study with patients with advanced lung cancer, CRP and albumin levels at the start of chemotherapy did not show a significant association with change in muscle mass. 51 Regarding browning of WAT, there is so far no consensus nor substantiated advice to give clinicians or patients. The reason is that knowledge in this field still is very sparse.
Future Perspectives
Late-stage cancer in various tumor types is associated with weight loss being an independent negative prognostic factor. These findings also apply to lung cancer, the largest contributor to cancer deaths worldwide. As a clinician, nutrition, muscle wasting, functional impairment, and dyspnea are just some of many pieces of the puzzle one has to consider when counseling a patient with newly diagnosed lung cancer. There are many important decisions to be made regarding treatment planning and the range of supportive care initiatives for the patient.
For many clinicians, cancer cachexia is a vague concept. The definition of cachexia gives an idea of what cachexia is but does not give any good tools for decision making. Patients are screened for body weight, but the need for a sound and validated screening tool is clear so that clinicians not only take note of the all-too-frequent weight loss, but also get a better idea what is going on behind it. "Negative protein and energy balance" and "abnormal metabolism" are not actionable for the clinician.
Understanding cancer cachexia as a multifactorial syndrome with more contributing factors has led to the acknowledgement of a multimodal approach-nutritional support, supportive care, and physical activity alongside traditional anticancer treatment. There is no specific anticachexia targeting drug available that has shown significant improvements on patient-centered outcomes. Moreover, drugs in the pipeline often only address one out many known factors, for example, increasing appetite or decreasing inflammation, and therefore are not effective in alleviating the spectrum of clinical components that patients with cancer cachexia experience. Possible future specific cachexia drugs are desirable, but a multimodal approach to the patients will always be of great importance.
Seeing cancer cachexia as not only a muscle-wasting syndrome but also a syndrome affecting other organs, not least adipose tissue, has happened in parallel with the development of new imaging technologies that can quantify different tissue compartments (eg, lumbar skeletal-muscle index on computed tomography scans). In future clinical studies on cancer cachexia, quantification of muscle mass on computed tomography scans seems obvious. 52 Together with possible prognostic biomarkers, including markers for fat browning, it seems likely that the degree of muscle function and muscle wasting at time of diagnosis will be variables to incorporate in a future cachexia screening tool (Figure 3) .
Conclusion
In conclusion, effective interventions to prevent muscle loss and physical impairment in patients with cancer cachexia requires early identification of the condition. This cannot be done only by measurement of body weight changes but also, and preferably, with imaging technologies for quantification of muscle mass, measurements of muscle function, and detection of prognostic biomarkers. Much of what we know comes from preclinical studies. The initiation of more translational studies that address these issues-including possible identification of markers for muscle wasting and browning of white fat along the cancer trajectory-are necessary to support this large and growing patient population in the future.
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